We have examined the phylogenetic distribution of two t-specific markers among representatives of various taxa belonging to the genus A4u.s. The centromeric TCP-1" marker (a testicular protein variant specific for all t-haplotypes so far studied) has also been apparently detected in several non-t representatives of the Mus IVA, Mus IVB, and probably M. cervicolor species. By contrast, a t-specific restrictionfragment-length polymorphism allele (RFLP) of the telomeric alpha-globin pseudogene DNA marker U-W-4 was found only in animals belonging to the M. musculus-complex species either bearing genuine t-haplotypes or, like the M. m. bactrianus specimen studied here, likely to do so. This t-specific a-v-4 RFLP allele was found to be as divergent from the RFLP alleles of the latter, non-t, taxonomical groups as it is from Mus 4A, Mus 4B, or M. spretus ones. These results suggest the presence of t-haplotypes and of t-specific markers in populations other than those belonging to the A4. m. domesticus and M. m. musculus subspecies, implying a possible origin for t-haplotypes prior to the radiation of the most recent offshoot of the A4us genus (i.e., the spretus/domesticus divergence), some l-3 Myr ago.
Introduction
t-Haplotypes are natural polymorphisms of mouse chromosome 17 that have for many years attracted the attention of mammalian geneticists (reviewed in Bennett 1975; Klein and Hammerberg 1977; Lyon 198 1; Silver 1985) . Genes scattered along the entire t-chromatin ( fig. 1 ) exert a wide range of recessive effects on embryonic development and on the reproduction of t-bearing animals. Among the genetic peculiarities of complete t-haplotypes, the dramatic lowering in the frequency of recombination, observed along the entire length of the t-region in +/I" heterozygotes animals, is probably accounted for by the existence of chromosomal abnormalities in the t-chromatin, including at least one (Shin et al. 1983 )-and most likely two (Herrmann et al. 1986 )-large inversions. t-Haplotypes have so far been detected exclusively among
Identification of the TCP-1 Proteins
The TCP-1 a and TCP-1 b electromorphic variants of the TCP-1 protein were visualized by two-dimensional (2D) polyacrylamide-gel electrophoresis of 35S-methionine-labeled testicular cells (Silver et al. 1979) . The animals were killed with ether, and the testis were removed immediately. The albuginea was cut off by dissection. Testicular cells were isolated from seminiferous tubules and in vivo radiolabeled at 37 C in the presence of 35S-methionine (800 Ci/mM; Amersham) as described elsewhere (Silver et al. 1979; Silver 1981) . The "S-labeled proteins were separated in the first dimension by electrofocusing in the pH 5.6-7.4 range. The second dimension was an electrophoresis under reducing and denaturing conditions through either a 12.75% acrylamide, a 0.07% bisacrylamide, or a 10% acrylamide, 0.27% bisacrylamide gel (O'Farrell 1975) . Labeled proteins were revealed by fluorography (Bonner and Laskey 1974) . Alternatively, unlabeled testicular proteins were visualized by using the simplified version of the silver staining protocol available from BioRad.
RFLP of the a-yr-4-Globin Pseudogene
The entire alpha-globin pseudogene (a-v-4) (Leder et al. 198 I) , present as a 2.4-kb-long EcoRI genomic fragment of BALB/c origin and inserted in the EcoRI site of pBR322, was used throughout. The probe was a gift of P. Leder.
High-molecular-weight genomic DNA was prepared from liver of individual mice as described elsewhere (Gross-Bellard et al. 1973) . Southern blot analysis was carried out under stringent hybridization and washing conditions (Delarbre et al. 1985) . The final wash stringency was 0.1% sodium salt citrate (SSC), 0.5% sodium dodecyl sulfate (SDS) at 67 C.
Results

Distribution of the TCP-1 a and TCP-1 b Electromorphs
In a first series of experiments aimed at the proper identification of the TCP-1" and TCP-1 b electromorphs, we confirmed earlier conclusions from Silver's laboratory. The TCP-1 a electromorph is indeed associated specifically with complete t-haplotypes (t w32 , tw5, tw73, and Chiarello 12 in the present study), as well as with partial t-haplotypes that have retained the centromeric region of the t-chromatin (such as twPA2 in the present study). The TCP-lb variant was confirmed as being associated with non-t chromosomes 17 (BTBR/TF [ T/tf/+], 129/Sv, and DBA/ 1 in the present study). Finally, with silver staining and with 35S-methionine-labeled proteins, the overall patterns of testicular proteins of all those animals were found to be similar to those reported . . .
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NOTE.-a = TCP-1'; b = TCP-lb; ND = not determined; n = no evidence; ? = uncertain; b? = most probably b; complete = complete r-haplotype; t = presence of a t-haplotype so far not described; partial proximal = partial proximal thaplotype; partial distal = partial distal t-haplotype. using the same probe and different restriction enzymes on a panel of selected animals. The results, summarized in table 2, are compared with those obtained using the DNA of ( 1) a BTBR/TF (T/+) animal; (2), t wPA3/twPA3, a viable distal t-haplotype (G&net et al. 1980) ; and (3) the classical complete t-haplotypes, T/tW5 and T/tw73.
Discussion
Within the Mus musculus-complex species, there is a clear-cut association between the presence of TCP-la protein and the presence of t-chromosome. However, an apparent TCP-la electromorph has also been found in representatives of Mus IV and probably in A4. cervicolor populations as well. Thus, if the genes encoding the TCPla electromorph observed in the various samples are all descendants from a common ancestral gene and not the result of parallel mutations, then the centromeric region of the t-chromatin should derive from a genetic structure found in t-haplotypes, in A4us IV and probably in M. cervicolor. If we restrict the discussion to the presence of the TCP-1 a electromorph among different representatives of the A4. musculus-complex species, it is possible to conceive that, through a natural hybridization zone, a "simple" introgression of a Mus IV chromosome 17 into M. m. domesticus and A4. m. musculus populations could have occurred, since Mus IVA and some Mus IVB animals appear to be homozygous for the Tcp-1" gene. However, in the regions where the Mus IVA species occurs sympatrically with M. m. domesticus (most of its range) and M. m. musculus (a limited region bordering the Black Sea in Bulgaria), there is not any evidence of present-time gene flow between them (Bonhomme et al. 1983 (Bonhomme et al. , 1984 . Nevertheless, such introgression could have happened in the past, when the gene pools of these three species were less differentiated and the animals were still able to intercross in the wild under certain circumstances. Indeed, two pairs, (1) Mus IVA and M. m. domesticus and (2) Mus IVA and M. m. muscuhs, can be crossbred in the laboratory; the Fi females are fertile, and half of the backcross males recover full fertility (Bonhomme et al. 1984) . Thus, even a rare interspecific cross could explain the presence of a Mus IVA chromosome 17 in the present populations of M. m. domesticus and M. m. musculus, provided this "foreign" chromosome 17 was given a reproductive advantage by its high transmission ratio. In this respect, we have recently crossed a male XBS (Mus IVA) and a female BTBR T/+. This cross has yielded 11 fully viable offspring, one of them having the typical tailless phenotype of t/T animals, eight having a regular full-length tail, and two showing intermediate phenotypes such as those generally attributed to T/+ animals. This may be tentatively interpreted as evidence for a "t-like" effect of a Mus IVA chromosome 17 when the latter chromosome is placed on an appropriate genetic background.
The results for the a-v-4 pseudogene appear at first as being rather different, and the conclusions reached may perhaps be related to the second chromosomal inversion observed in t-haplotypes. The Tag1 5.2-kb band has been detected in all the t carriers so far investigated and in no other animals, whereas all wild A4. m. domesticus animals display a TaqI 3.4-kb and a BgZII 3.5-kb pattern of their own. On the other hand, the TaqI 1.8 and 1.4-kb/BgZII 8.6-kb combination, present concomitantly in M. m. musculus, M. m. molossinus, A4. m. bactrianus, and M. spretus (considered as an outgroup), appears to be the ancestral form of the a-v-4 pseudogene. The single A4. m. bactrianus individual we have tested was most probably heterozygous for both the TaqI 5.2-kb and the TaqI 1.8-1.4-kb RFLPs. We do not know its phenotype for TCP-1 protein.
The most economical hypothesis we can make is that this specimen was a heterozygous t-carrier animal.
How can these two sets of results be reconciled, and what can be inferred from them as to the origin of the t-chromatin? In figure 6 , we superimpose the fewest mutational steps for both the TCP-1 and the a-~-4 systems onto the known phylogeny of the Mus genus.
If we assume that the simultaneous presence of the two t-specific markers defines the presence of the t-chromatin, then the t-chromatin is unlikely to have originated in the lineages in which it is predominantly found today (i.e., in the present state of our knowledge, M. m. domesticus and M. m. musculus). Data on the t-specific TCPla electromorph suggest that this variant in the centromeric region must have been present before the radiation of the subspecies making up the M. musculus complex. On the basis of the comparison of the nucleotide sequences of Tcp-I cDNAs of murine and human origins, Willison et al. (1987) suggest that the Tcp-la allele might be the ancestral form of the gene. The t-specific TaqI 5.2-kb band identifies the distal region of t-chromosomes as distinct from all other present chromosomes 17 found in the genus, if our hypothesis for M. m. bactrianus holds. This implies either that (1) the complete precursor of the t-chromatin arose in the lineage leading to the present-day M. musculus cluster of subspecies prior to the fixation of Tcp-lb on normal chromosomes 17 and has existed and been prevented from recombining with normal chromosome 17's since this radiation or that (2) it was introduced into the M. musculus complex at a time that remains to be determined and from another species that remains to be identified.
The above reasoning would need to be altered if our hypothesis about A4. m. bactrianus were proved to be wrong (which appears highly unlikely on the basis of 
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Origin of t-Chromatin 13 1 RFLP with different enzymes), either because the TaqI 5.2-kb fragment was not homologous to that found in t or because it was not associated with TCP-1 a as it is in t animals belonging to the M. m. domesticus and A4. m. musculus subspecies. Whatever turns out to be true for the particular case of M. m. bactrianus, our main conclusion holds in that it appears unlikely that t-chromatin had its origin in either of the two lineages (M. m. domesticus and M. m. musculus) in which it has been described up to now. As discussed above, either its origin has to be prior to the radiation of at least these two subspecies or the t-haplotypes would have to have been introduced in those subspecies by horizontal transfer. Our results do not exclude the possibility that Mus IVA or Mus IVB could be the source of this transfer. Further data, especially concerning the sequence of Tcp genes in different species belonging to these taxa, are needed to answer this question.
